Compared with pure silica-based or organic-polymer monoliths, hybrid organic-silica monoliths offer the combined advantages of mechanically strong stationary phases, simpler preparation protocols, resistance to swelling and shrinking in many solvents and better pH stability. Comprehensive data on the systematic characterization of the pore space morphology of hybrid organic-silica monoliths and their connection to pure silica-based monoliths are still scarce in the literature. In this work, we adapted the general solgel procedure with phenyltrimethoxysilane and tetramethoxysilane as precursors to prepare phenylmodified macroporous-mesoporous silica monoliths via spinodal decomposition involving poly(ethylene glycol). Effects of polycondensation temperature and poly(ethylene glycol) amount were investigated with respect to the corresponding macropore space morphology. We characterized the monoliths by thermogravimetric analysis and infrared spectroscopy (phenyl-modification), nitrogen physisorption and scanning electron microscopy (meso-and macropores) as well as confocal laser scanning microscopy for three-dimensional reconstruction of the macropore space morphology. The statistical analysis of a reconstruction by chord length distributions allowed us to assess the monoliths macropore space heterogeneity through a quantitative approach. Relying exclusively on image analysis, we provide an accurate and model-free description of the void space distribution. Complementary macroporosity profiles were recorded to identify macroscopic heterogeneities inside a monolith. Analyzed structural features are connected to key transport properties of the macropore space. Phenyl-modified monoliths from this work were compared with previous pure silica-based and hybrid organic-silica monoliths regarding the bulk homogeneity of the monoliths and the critical wall region in capillary column format. The comparison with a conventional C18-silica monolith demonstrated a selectivity tuning with the phenyl-modified silica monoliths by p-p-interactions between the stationary phase and aromatic analytes. Application of the phenyl-modified monoliths in capillary liquid chromatography reflected the selectivity behaviour of commercial phenyl-modified silica particles, but with the advantage of a higher separation efficiency for the monolithic stationary phase.
Introduction
Macroporous-mesoporous silica monoliths with a hierarchical pore space architecture of interskeleton macropores and intraskeleton mesopores have attracted increased attention in the past due to the combination of good mass transport properties (high hydraulic permeability of the macropore space, low diffusional resistance in the mesoporous skeleton) with large surface areas in a continuous stationary-phase support structure that, in addition, is available in a well-dened macroscopic format, e.g., as a bare disc or rod as well as in columns of different dimensions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The more exible combination of the interskeleton macroporosity with the intraskeleton mesoporosity is a decided advantage of the silica-based monoliths over particulate packings regarding the use as stationary phase in separation science, adsorption technology and catalysis. 5, 6, [13] [14] [15] [16] As a common feature, the macropore space of the silica monoliths enables advection-dominated transport by uid ow, whereas the mesopore space provides the surface area accessible by pore diffusion.
Besides a exible adjustment of macro-and mesoporosity in the silica monoliths, in general, hybrid organic-silica monoliths have moved into the research focus, [17] [18] [19] because they combine several advantages over the pure silica-based or the pure organic-polymer monoliths: (i) they allow to introduce in situ a variety of organic functionalities (thus eliminating a postfunctionalization), which provide a wide range of specic analyte-surface interactions for separation and catalysis; (ii) they largely retain a high mechanical stability typical for the pure silica-based monoliths, but with a more exible (less brittle) skeleton that can better withstand the physical stress and deformation during the shrinkage and lead to a more homogeneous macropore space morphology; [20] [21] [22] and (iii) they show improved solvent and pH stability.
Hybrid organic-silica monoliths have realized a variety of organic functionalities and can be prepared in capillaries by a number of synthetic routes. [17] [18] [19] In the capillary format hybrid organic-silica monoliths have been mainly applied in highperformance liquid chromatography (HPLC) and electrochromatography, [17] [18] [19] [20] [21] [22] [23] [24] while their use as support structure in catalysis and for bioreactors is still developing. [13] [14] [15] [16] 25, 26 For a targeted optimization of monolith performance we have to know how preparation protocol and mass transport properties are related. We need to establish analytical approaches that will enable material scientists to systematically improve macro-and mesopore space morphologies and identify the morphological features that cause mass-transfer limitations, by changing specic parameters in the monolith synthesis and comparing the resulting morphologies. 27 In this article we report on the preparation and morphological characterization of a hybrid organic-silica type monolith featuring a bimodal macro-mesoporosity. For its synthesis we adapted the general sol-gel process with phase separation. 3, 17 The procedure was implemented to prepare phenyl-modied silica monoliths by use of phenyltrimethoxysilane (PTMS) and tetramethoxysilane (TMOS) as precursors as well as poly(ethylene glycol) (PEG) in a formation sequence via spinodal decomposition. 28 During the competition between the solgel transition and the simultaneous phase separation induced by PEG (into a hydrogel and a solvent phase), the structure is at some point frozen due to the advancing polycondensation of the silica oligomers, leading to a bimodal macroporousmicroporous monolith. By treatment with alkaline solution, mesopores are then introduced into the silica skeleton, providing PTMS-TMOS based macroporous-mesoporous hybrid silica monoliths. Since the phenyl groups are directly attached to silicon in the silane, they do not react in the course of hydrolysis and condensation reactions and are thus distributed throughout the bulk and at the surface of the monolith skeleton, as indicated with Scheme 1. The phenyl group allows for p-p-interactions (in addition to hydrophobic interactions) with analytes, which can be used in HPLC for selectivity tuning that complements traditional reversed-phase materials like C18-modied silica.
The phenyl groups attached to silicon, as in the PTMS precursor, are suitable for this preparation, since they do not decompose at the temperature used to generate the macroporous-mesoporous monolith (330 C). It allows us to realize the phenyl functionality in the bulk and at the surface of a macroporous-mesoporous structure. This also distinguishes the monoliths in this article from other phenyl-modied hybrid silica monoliths, where a signicant amount of microporosity is expected to be present in the nal structure. [29] [30] [31] For liquidphase adsorption and separation the micropores cause a high diffusional mass-transfer resistance and less hindered diffusion of analytes in mesopores is preferred.
We conrmed the successful permanent integration of the phenyl functionality in the nal macroporous-mesoporous hybrid silica monoliths employing thermogravimetric analysis coupled to mass spectrometry (TGA-MS) as well as by infrared spectroscopy (FT-IR). The mesopore size distribution was characterized by nitrogen physisorption and the macropore spaces were visually inspected with scanning electron microscopy (SEM). For the quantitative evaluation of the macropore space morphology, we reconstructed a PTMS-TMOS silica monolith at macropore resolution adapting confocal laser scanning microscopy (CLSM) followed by chord length distribution (CLD) analysis, as described previously for silica-based monoliths prepared from pure TMOS or from TMOS and methyltrimethoxysilane (MTMS). 22, 32, 33 In CLD analysis the solid-void (silica-macropore) border is scanned with chords of variable length and the resulting distribution of the chord lengths indicates the relative frequency with which a certain silica-silica distance occurs in the macropore space of a monolith. This is an abstract but accurate analytical approach to describe void space uctuations in a material, eliminating the need to dene limits for individual pores or their geometric form.
The CLSM-based reconstructed models of the macropore space of a monolith will be useful in the future for simulations of uid ow and mass transport aimed at a fundamental understanding of the transport properties of hybrid silica monoliths. 34, 35 But in this work our immediate goal is to identify how the parameters of the applied synthesis protocol affect the morphology of the prepared PTMS-TMOS hybrid silica monoliths compared to the previously analyzed pure TMOS and MTMS-TMOS hybrid silica monoliths. Since it is known that (in acidic media) a small substituent in the trialkoxysilanes, like the methyl group in MTMS, leads to a faster hydrolysis and condensation, whereas sterically more demanding substituents (like the phenyl group in PTMS) retard the reactions with respect to tetraalkoxysilanes, 17 we are specically interested in the CLD-analysis based homogeneity of the macropore space morphology in these PTMS-TMOS monoliths. The intention of chosing between substituents in the trialkoxysilane precursor is to generate different surface functionalities at conserved macropore space homogeneity and associated hydrodynamic and transport properties. Details on the morphology of hybrid silica monoliths and on their relationship to pure silica-based monoliths are still scarce in the literature. This paper is organized as follows. In Section 2, we describe the adapted synthesis of the PTMS-TMOS hybrid silica monoliths as bare rods and in capillary column format and briey mention the characterization methods. Only the CLSM approach to the three-dimensional reconstruction of the monoliths macropore space is explained in more detail, since it will help others in applying this insightful analysis to their own samples. In Section 3, we conrm the incorporation of the phenyl groups with TGA-MS and FT-IR, analyze the monoliths macropore space qualitatively by SEM and verify the monoliths intraskeleton mesoporosity through nitrogen physisorption. Consequences of the phenyl-modication for the chromatographic selectivity behaviour of PTMS-TMOS hybrid monoliths is demonstrated by the comparison with commercially available phenyl-modied silica particles and a MTMS-TMOS monolith, which has been C18-modied (classical reversed-phase functionality in HPLC) and cannot interact with aromatic analytes by p-p-interactions. We nally characterize the macropore space morphology of the reconstructed PTMS-TMOS monolith using CLDs and macroporosity proles. Parameters extracted from the morphological analysis are connected to key transport properties of the monoliths macropore space. Results are compared to pure TMOS and MTMS-TMOS hybrid silica monoliths, which have been previously characterized by the same approach.
Experimental section

Chemicals and materials
TMOS, urea, PEG (M n ¼ 10 000), thiourea, octadecyldimethyl-N,N-diethylaminosilane (ODS-DEA) and HPLC-grade ethanol came from Merck Millipore (Darmstadt, Germany), glycerol and HPLC-grade acetonitrile and methanol came from Carl Roth (Karlsruhe, Germany). PTMS, propylbenzene, butylbenzene and anthracene, dimethyl sulfoxide and octadecyltrimethoxysilane, as well as HPLC-grade acetone and toluene were all supplied by Sigma-Aldrich Chemie (Tauirchen, Germany). Acetic acid was purchased from Fluka (Buchs, Switzerland) and Bodipy 493/503 from Life Technologies (Darmstadt, Germany).
A Milli-Q gradient water purication system (Millipore, Bedford, MA) was used to provide water for all experiments. Fusedsilica capillaries with 100 mm i.d. and 375 mm o.d. were obtained from Polymicro Technologies (Phoenix, AZ). A 4.6 mm i.d. Â 150 mm Inertsil Ph-3 column packed with phenyl-modied silica particles came from GL Sciences (Torrance, CA). The following data are given by the manufacturer for this material: 5 mm mean particle size, 10 nm mean pore size, 450 m 2 g À1 surface area, 1.05 ml g À1 pore volume and 9.5% carbon load.
Synthesis of the monolithic silica materials
2.2.1. PTMS-TMOS capillary column. The preparation conditions of the monolithic silica in a capillary column format are similar to those reported previously. [36] [37] [38] [39] The differences in temperature, time of stirring and composition can be attributed to the actual properties of the mixture of PTMS and TMOS. Preparation conditions are as follows. 1 m of fused-silica capillary tubing was treated with 1 M aqueous sodium hydroxide solution for 3 h, washed with water, treated with 1 M aqueous hydrochloric acid solution for 2 h, then washed with water and acetone and dried aerwards. The monolithic silica was prepared from a mixture of PTMS and TMOS (V PTMS /V TMOS ¼ 10/ 90) to form a hybrid as illustrated with Scheme 1. 5.5 ml of the PTMS-TMOS mixture were added to a solution of PEG (1.50 g) and urea (1.012 g) in 0.01 M acetic acid (10 ml) at 0 C and stirred for 1 h at 25 C. The homogeneous solution was ltered on a 0.2 mm PTFE lter, transferred into a fused-silica capillary and allowed to react at 30 C. The resulting gel was then aged in the capillary overnight at the same temperature. Aerwards, a hydrothermal treatment was performed at 95 C for 12 h to form mesopores by the ammonium carbonate generated from the hydrolysis of urea. Finally, the capillary was washed with methanol, dried and heat-treated at 330 C for 15 h, resulting in the decomposition of the organic moieties within the capillary.
2.2.2. Monolithic rods. The preparation of the monolithic silica rods was performed in a similar way as described in Section 2.2.1. As shown in Table 1 , the PEG amount was varied as well as the gelation temperature. For the preparation ca. 7 ml of the feed solution were stored in a poly(propylene) plastic tube before the reaction occurred at the gelation temperature overnight. The hydrothermal treatment at 95 C was carried out in a glass vessel containing an urea solution (0.10 g ml À1 urea in 0.01 M acetic acid). Rods were washed with methanol, dried and heat-treated at 330 C for 15 h.
MTMS-TMOS capillary column.
For a comparison to the PTMS-TMOS capillary monolith in this work, we prepared a monolithic capillary column from a mixture of MTMS and TMOS (V MTMS /V TMOS ¼ 15/85), as was previously reported 36 (cf. Section 2.2. and Table 1 in ref. 36 ; the preparation conditions correspond to column MS(100)-Hy(15)-I in ref. 36 ). Hydrothermal treatment of this capillary was carried out at 95 C for 12 h. It was washed with methanol, dried and heattreated at 330 C for 15 h. Its C18 surface modication was Table 1 Preparation conditions for the PTMS-TMOS hybrid silica rods. The last line describes the successful preparation of the monolithic silica capillary column. The cracked sample shown in Fig. 4G carried out on-column by owing an excess solution of ODS-DEA (20 vol% in toluene) at 60 C through the capillary. 40 2.3. Characterization methods 2.3.1. Thermogravimetric analysis. Thermogravimetric analysis was run between 100 C and 1000 C (5 C min À1 heating rate) on a STA409PC system (Netzsch, Selb, Germany) coupled to a QMG 201 quadrupole mass spectrometer (Balzers Instruments, Balzers, Liechtenstein).
2.3.2. Infrared spectroscopy. IR spectra were acquired on a Bruker FT-IR-IFS 85 spectrometer (Karlsruhe, Germany) by the KBr pellet technique. Spectra were recorded between 4000 cm À1 and 400 cm À1 .
2.3.3. Scanning electron microscopy. The morphology of the monolithic capillary column and the rods were examined with a scanning electron microscope (Smart SEM MERLIN, Carl Zeiss, Jena, Germany) using a fractured surface. Prior to the SEM measurements the samples were coated with platinum (HHV Scancoat Six, Boc Edwards GmbH, Kirchheim, Germany).
2.3.4. Nitrogen physisorption. The nitrogen physisorption measurements were performed in an automated gas adsorption station (Autosorb-1-MP, Quantachrome Corporation, Boynton Beach, FL) at a temperature of 77 K. The instrument soware supports standard data reduction algorithms such as the Brunauer-Emmett-Teller (BET) and non-local density functional theory (NLDFT) kernels for typical pore geometries. The silica rods were pestled, lled into standard glass tubes and stabilized at the measurement temperature (77 K), maintained by liquid nitrogen in standard cryostats. Prior to the measurements the rods were evacuated for 6 h at 120 C.
2.3.5. HPLC measurements. Organically modied monolithic silica capillary columns were characterized using an HPLC conguration controlled by D-7000 HSM soware (Hitachi, Tokyo, Japan). The system consists of a Hitachi L-7100 pump with split injection/ow from a Rheodyne 7125 injector (Rheodyne, Cotati, CA) and a SpectroFlow 501 UV detector (SunChrom, Friedrichsdorf, Germany).
2.3.6. Confocal laser scanning microscopy. A schematic overview of the CLSM approach to the macropore space morphology of the PTMS-TMOS hybrid silica monoliths is given by Fig. 1 . The next four paragraphs describe the individual steps in more detail.
2.3.6.1. Sample preparation. Monoliths are stained by a twostep procedure. First, the silanol groups remaining at the surface (cf. Scheme 1) were modied with octadecyltrimethoxysilane to provide a more hydrophobic surface. Aer washing the monolith with ethanol, a solution of octadecyltrimethoxysilane (220 mg ml À1 in toluene) was pumped through the capillary for 6 h at a ow rate of 0.3 ml min À1 and a temperature of 343 K. The capillary was ushed with toluene and acetone to remove excess solution. The hydrophobic surface of the hybrid silica monolith was then stained with a solution of Bodipy 493/503 (0.5 mg ml À1 in acetone) for 0.5 h at a ow rate of 0.2 ml min À1 and room temperature. The polyimide coating was removed with warm sulfuric acid to enable focusing through the glass capillary.
A mixture of glycerol, dimethyl sulfoxide and water (70/19/11, v/v/v) was prepared to match the optical dispersion of silica over the wavelength range relevant for the CLSM measurements (488-515 nm). 32, 41 The refractive index of the ternary mixture was adjusted by an AR200 digital refractometer (Reichert Analytical Instruments, Depew, NY) to the refractive index of silica at the sodium D line (n D ¼ 1.4582).
2.3.6.2. Image acquisition. Images were acquired using a TCS SP5 II confocal microscopy system equipped with a HCX PL APO 63Â/1.3 GLYC CORR CS (21 ) glycerol immersion objective lens from Leica Microsystems (Wetzlar, Germany). The silica monolithic sample was mounted directly underneath a cover slip, placing the capillary window (where polyimide has been removed) into an embedding medium. This consists of refractive index matching liquid and guarantees an imaging free of aberrations due to the curved capillary wall. A "type 0" cover slip (Gerhard Menzel, Braunschweig, Germany) was chosen to separate embedding and immersion liquids and to minimize spherical aberrations. 41 In this work, the prepared ternary matching liquid was used for immersion as well as embedding. Fluorescence of the Bodipy dye (l exc ¼ 493 nm, l em ¼ 503 nm) was excited with a UV diode laser at 488 nm and detected in the interval of 491-515 nm. Sampling steps of 30 nm (lateral) and 126 nm (axial) were calculated using the Nyquist rate and point spread function calculator (Scientic Volume Imaging, Hilversum, The Netherlands). Stacks of 8-bit grayscale images of 4096 Â 4096 pixels were acquired at three different positions along the capillary, as illustrated in Fig. 1 . The number of images per stack varied between 120 and 160.
2.3.6.3. Image processing. Image processing consists of four consecutive steps whose details are described elsewhere. 41 (i) First, the images were corrected for Poisson-distributed photon noise using the PureDenoise plug-in for ImageJ 42 provided by Luisier. 43 (ii) The acquired image stacks were then corrected for the intensity loss from photobleaching by tting the average intensity of the images along the z-axis to a second-order exponential decay. (iii) Images were deconvolved with the Huygens Maximum Likelihood Algorithm (Scientic Volume Imaging, Hilversum, The Netherlands). (iv) Images were segmented by twice subtracting a copy of the image stack blurred with a large Gaussian kernel lter (kernel size: 200 pixels) from the deconvolved image stack to get a homogeneous background intensity corresponding to the intensity value zero. All pixels with an intensity value above zero were then assigned as skeleton. To eliminate artifacts from processing, image stacks were cropped in lateral dimension to 4000 Â 3500 pixels and in axial dimension by discarding the ve top and bottom images; each image stack subjected to image analysis corresponded to a physical volume of 105 mm Â 100 mm Â 14 to 18 mm.
2.3.6.4. Image analysis. The segmented image stacks were analyzed on the basis of CLDs, as shown by Courtois et al., 44 using in-house soware written with Visual Studio C# 2008 (Microso Corporation, Redmond, WA). To calculate a CLD for the hybrid silica monoliths macropore space, points were randomly chosen in the void space of an image stack. From each point vectors were projected in 32 angularly equispaced directions, until they either hit the skeleton or projected out of the image boundaries; in the latter case, the corresponding vector pairs were discarded. Points of origin were chose until the value of 62 500 was reached. Chord lengths were calculated as the sum of the absolute lengths of a pair of opposed vectors. The 10 6 collected chord lengths were binned using a bin size of 0.2 mm and the resulting histogram (a CLD) was tted to a kgamma function using the Levenberg-Marquardt algorithm. 45 The external or macroporosity (3 ext ) of a reconstructed volume was calculated as the fraction of void pixels to the total number of pixels in that image stack.
Results and discussion
Characterization of the organic modication
To conrm incorporation of phenyl groups into the monolithic silica material (suggested by Scheme 1) TGA-MS analysis, FT-IR measurements and elemental analysis were conducted. Fig. 2 shows the TGA-MS characteristics of sample TP(10)-1.0-40 prior to the calcination, where the weight loss starting at 350 C can be attributed to the decomposition of the phenyl group (as associated with the observation of C 4 H 3 + and C 6 H 5 + ). It can be concluded that phenyl groups remain intact at the temperature applied in the course of the synthesis (330 C during calcination). Fig. 3 compares FT-IR spectra of a rod with phenyl modication (TP(10)-0.6-40) and a standard rod prepared with only TMOS as precursor. 38, 40 The regions between 1450 and 1410 cm À1 as well as between 730 and 670 cm À1 point towards Table 1 ). The onset of degeneration of the aromatic compounds at ca. 350 C indicates the stability of the phenyl modification at 330 C, i.e., at the temperature of the heattreatment used to obtain the macroporous-mesoporous monolith (Section 2.2.2.). important differences between the two materials. The band at $1430 cm À1 is assigned to ring stretching with some C-H bond coupling, while the band at $700 cm À1 corresponds to out-ofplane ring bending that is typical for benzene with a substituent. 46, 47 In addition, elemental analysis for three slices (from the bottom, middle and top) taken from silica rod TP(10)-0.6-40 indicates a homogeneous carbon distribution and therefore the presence of phenyl groups throughout the entire rod (11.0-11.7 wt% carbon). The overall carbon load of the PTMS-TMOS rod is higher than for the commercial phenyl-modied silica particles (Section 2.1.), but since the phenyl-modication refers to the bulk solid and the surface in the rod (Scheme 1) its surface coverage will be lower than for the particles, which are surface-modied in a traditional postfunctionalization procedure.
Analysis of macro-and mesoporosity
Many parameters inuence the morphology of monolithic silica materials. Two parameters which were varied in this work are the amount of PEG and the gelation temperature (cf. Table 1 ). SEM images were taken from the fractured surfaces of the prepared materials to receive insight into the macropore space morphology of the rods and capillaries. SEM micrographs for selected starting compositions are depicted in Fig. 4 . The observed decrease in the macropore size with increasing PEG amount (B / D) as well as the increase in the macropore size with decreasing polymerization temperature (D / F) correspond to results reported previously for the pure TMOS system. [48] [49] [50] Furthermore, Fig. 4A shows that it was possible to prepare a monolithic silica capillary column in a good quality using the PTMS-TMOS system, since no cracks can be observed in the bulk material and at its interface with the inner wall of the capillary. However, an adjustment of the preparation conditions is still necessary to generally avoid cracks in the bulk material as well as between the monolith and capillary wall. Fig. 4G shows such cracks observed in one of the prepared samples. The adjustment procedure indicates that by using a lower gelation temperature in the course of the preparation (Table 1) , a monolith cracking within the capillary could be prevented. We believe this is caused by a lower reaction rate during the gelation, so that the distribution of silica phase becomes more homogenous within the capillary (especially close to the capillary wall), because the time for phase separation increases. Fig. 5 compares the isotherm curves and pore size distributions of two phenyl-modied samples and a pure TMOSbased monolith (identical hydrothermal treatment for all samples) using nitrogen physisorption at 77 K. The NLDFT method for silica was applied to the adsorption branch, assuming cylindrical mesopores, since it was demonstrated that the NLDFT approach is more suitable for these materials than the Barrett-Joyner-Halenda method. 51, 52 This analysis resolves only a small difference in mesoporosity between the phenyl-modied samples ( Table 2) , so that there exists no (or an only small) effect of the PEG amount regarding the mesopore space properties. This result is consistent with the mechanism of pore formation in these silica monoliths, as the mesopores result from etching of the silica under basic conditions (which should not be affected by the actual PEG amount). However, the average mesopore diameter of the phenyl-modied monoliths is generally smaller and the surface area larger ($6 nm and $850 m 2 g À1 ) than for the TMOS monolithic silica ($12 nm, 350 m 2 g À1 ). It suggests that the PTMS-TMOS hybrid silica material has a higher stability under basic conditions than pure silica, since the hydrothermally induced pore expansion under basic conditions is responsible for the mesopore formation. Fig. 6 shows chromatograms for a set of analytes (propylbenzene, butylbenzene, anthracene) and thiourea as the dead-time marker, obtained with acetonitrile/water (50/50, v/v) as mobile phase. For this comparison, we employed a 4.6 mm i.d. column packed with the phenyl-modied silica particles, a phenyl-modied (PTMS-TMOS) monolithic silica capillary (TP(10)-1.5-30, Table 1 ) and a C18-modied (MTMS-TMOS) monolithic capillary, prepared as described in Section 2.2.3.
Chromatographic performance
The PTMS-TMOS hybrid silica monolith (Fig. 6A ) demonstrates a similar separation regarding the elution order of the analytes as the phenyl-modied silica particles (Fig. 6B ). Both the monolith and the particulate column demonstrate a baseline separation of the analytes under similar conditions (identical mobile phase and almost identical linear velocity). This comparison reveals a larger number of theoretical plates and a shorter separation time for the PTMS-TMOS capillary column. The higher separation efficiency for monolithic materials is consistent with previous results; 53 the shorter analysis time likely originates in a lower surface coverage by phenyl groups in the monolith (resulting in weaker retention). A comparison of the PTMS-TMOS capillary with the C18-silica monolith (Fig. 6C ) reveals the absence of p-p-interactions in Fig. 5 N 2 isotherms (left) and pore size distributions (right) for PTMS-TMOS hybrid silica rods prepared with different PEG amount (cf. Table 1 ) and for a silica rod based on pure TMOS. The inset containing the cumulative pore volume data demonstrates that the amount of microporosity remaining in the prepared (macroporous-mesoporous) monoliths is indeed negligible. the latter, since the elution order of butylbenzene and anthracene is reversed. This demonstrates the possibility of a selectivity tuning with the PTMS-TMOS materials, which complements traditional reversed-phase materials like C18-silica.
Morphological analysis of the monoliths
The intrinsic efficiency of any chromatographic material becomes limited by local and global differences of the analyte velocities in a column. An efficient column allows analytes to pass through it with a narrow distribution of longitudinal velocities. The velocity biases are a general consequence of structural heterogeneities that occur on different length scales in a column. The corresponding hydrodynamics lead to eddy dispersion, which can considerably contribute to the overall band broadening in chromatographic practice. Giddings has classied the velocity biases over different length scales and incorporated them into his coupling theory of eddy dispersion. 54 In silica-based monoliths, velocity biases are known to occur on the scale of a single macropore (transchannel contribution), on the scale of a few (1-2) macropores (short-range interchannel contribution), and over the entire column diameter (transcolumn contribution). 55, 56 3D imaging methods allow the analysis of morphological features behind eddy dispersion. We employed CLSM to reconstruct the macropore space of the monoliths. With local resolution, image analysis delivers an accurate characterization of the void space from the individual macropore up to the column (capillary) cross-section. 22, 33 Fig. 1 already gave an insight into this analysis. Aer surface modication with octadecyltrimethoxysilane the capillary monolith was stained with the lipophilic uorescent dye Bodipy 493/503. By removing polyimide coating and lling (as well as immersing) the capillary using a matching liquid with the same refractive index as fused-silica, the CLSM approach enables the imaging of the monolithic bulk without mechanical slicing. Three image stacks at different positions (cf. Fig. 1) were acquired from the $17.5 cm long PTMS-TMOS capillary monolith. Each stack covers up to 160 images (with a resolution of 4096 Â 4096 pixels featuring a physical size of 30 Â 30 nm per pixel) that were used for reconstruction. Aer image processing-related cropping, the reconstructed volume corresponded to a physical volume of 100 mm Â 105 mm Â 14 to 18 mm for each stack. A reconstructed stack is shown in Fig. 7 . It demonstrates a continuous silica layer at the monolith-capillary wall interface (near x ¼ 0).
Reconstructed volumes of a PTMS-TMOS hybrid silica monolith (Fig. 1) were evaluated using the CLD approach. As pointed out already in the Introduction the generated CLD is an accurate tool to describe void space distributions in monoliths, Table 2 Specific surface area, average pore diameter and average pore volume of monolithic silica rods, as calculated by the NLDFT method for silica using the adsorption branch (cf. Fig. 5 since it captures the complete geometry and does not rely on a predened model of macropore geometry. 22, 32, 33, 44 Traditional analysis by mercury intrusion porosimetry (MIP), for example, assumes that all pores have a cylindrical shape. But if the material under study shows a more complex pore geometry as revealed by Fig. 7 for the PTMS-TMOS monolith, the MIPanalysis provides data whose accuracy depends on the actual difference between real and assumed pore geometry. Macropore size characteristics of these monoliths thus cannot be correctly described through a model-based porosimetry analysis. As shown by Gille et al., 57 a pore can be described with two interdependent variables, the pore diameter and mean chord length.
Only for a perfect and innitely long cylindrical pore the diameter and mean chord length would be identical. 58 Thus, CLD analysis (Fig. 8A) is valuable in describing as well as comparing monoliths with varying domain sizes and compositions like the PTMS-TMOS, MTMS-TMOS and pure TMOS monoliths.
A mathematical description of the CLD is achieved by tting the histogram with a k-gamma function as shown previously. 22, 27, 33, 35 The k-gamma function has been delineated as a descriptor of the void space distribution in disordered materials using a statistical mechanics formalism. 59 The k-gamma function, which provides information about the average pore size and statistical dispersion of the pore size distribution, is dened by the mean and standard deviation of the CLD (Fig. 8B )
where l c denotes the chord length, G is the gamma function, m the rst statistical moment of the distribution and k ¼ m 2 /s 2 the ratio between rst and second (s) statistical moment. Interpreted in terms of a monoliths macropore space morphology, m is a measure for the average pore size (different from and not to be confused with the average pore diameter as obtained from the interpretation of MIP data) and k for the homogeneity of the void space distribution. The parameters m and k can be related to the individual contributions to hydrodynamic dispersion in uid ow through the monoliths macropore space. 22, 35 Here, a smaller value of m represents a shorter lateral distance that an analyte needs to cover in the uid between two encounters with the solid monolith skeleton. This lowers transchannel dispersion, which results from the ow velocity bias over the largest lateral distance across an individual macropore. In addition, larger k-values are indicative of a narrower distribution relative to m, i.e., a higher homogeneity on the scale of 1-2 macropores. A more homogeneous macropore space reduces the velocity bias between neighboring channels and thus the short-range interchannel dispersion. 35, [54] [55] [56] Over the past years, the CLD analysis has become a versatile tool for the morphological description of packed beds and monoliths. Originally used for analysis of capillary silica monoliths, 22, 32, 44 it was extended to particulate packings, 41, 60 analyticalformat silica monoliths 61, 62 and organic-polymer monoliths. 63 The relationships between morphology and transport properties make the CLD analysis useful for the systematic improvement of functional materials, e.g., in separation and catalysis. In addition, proles of the external porosity (or interskeleton macroporosity) 3 ext recorded over the crosssection of a column ("transcolumn") allow to complement the CLD analysis by characterizing the wall attachment and possible systematic radial porosity variations in a monolithic structure. The analysis of the prepared PTMS-TMOS monoliths macropore space by CLDs and radial macroporosity proles is related to the respective eddy dispersion contributions (i.e., transchannel, short-range interchannel and transcolumn) and compared to previously analyzed MTMS-TMOS and pure TMOS monoliths.
3.4.1. Transchannel eddy dispersion. The transchannel contribution to overall hydrodynamic dispersion in a xed bed used in adsorption, separation or catalysis arises from a transverse distribution of velocities inside each individual macropore. It resembles the Hagen-Poiseuille ow prole in a cylindrical tube with maximum velocity in the tube center and zero velocity at its wall, though macropores in a monolith have a more complicated geometry and ow velocity distribution. 64 With a mean chord length of m ¼ 3.41 AE 0.08 mm (average value from three stacks, cf. Fig. 1 ) the prepared PTMS-TMOS capillary monolith in this work has a smaller pore size than the previously studied MTMS-TMOS hybrid silica monoliths 22 and pure TMOS monolith (Merck Chromolith CapRod). 32 It indicates faster lateral equilibration of analyte molecules in individual macropores and a smaller transchannel eddy dispersion contribution in the present PTMS-TMOS monolith. If wall effects, e.g., due to a snapped-off monolithic structure at the wall, 22, 32 and bulk heterogeneity due to a wide distribution of macropore and domain sizes were absent, the mean macropore size (as reected by the m-value of the CLD) will determine monolith efficiency. This was demonstrated with a set of MTMS-TMOS hybrid silica monoliths: 22 as macropore and domain sizes became smaller (at conserved macropore space homogeneity), the decreasing m-value of the monoliths correlated with a higher separation efficiency in capillary HPLC.
3.4.2. Short-range interchannel eddy dispersion. The shortrange interchannel contribution to eddy dispersion has its origin in the local heterogeneity of the monoliths macroporous void space, which distinguishes it from an ordered material. For particulate beds this contribution can be related to the local bed heterogeneity covering a distance of 1-2 particle diameters. 65 The monoliths feature the same contribution to eddy dispersion due to heterogeneities introduced during their preparation. The degree of microstructural heterogeneity can be characterized by the k-value obtained from application of eqn (1) to the CLD (Fig. 8B) . While the shorter chords tend to reect the variety of pore sizes on the individual macropore level, longer chords may also cover more than one pore, allowing a homogeneity analysis on a length scale behind the short-range interchannel eddy dispersion. That is, the value of k is dominated by the longer chords that make up the tail of the CLD and contain already information about the local pore environment.
The actual degree of heterogeneity of the prepared PTMS-TMOS capillary monolith is characterized by k ¼ 2.22 AE 0.04 (cf. Fig. 8B for data on one of the three stacks). This k-value range indicates a more homogeneous monolithic bulk structure than for the Merck Chromolith CapRod (which resulted in kvalues of 1.9 AE 0.1). 32 Considering the mean pore size of the PTMS-TMOS monolith its k-value is comparable to the previously studied MTMS-TMOS hybrid silica monoliths. 22 While the separation efficiency of silica monoliths has been shown to improve with increasing k-value and decreasing m-value 62 and silica monoliths that combine small macropore size with a rather homogeneous macropore space have occasionally been reported, yet no synthetic route guarantees this outcome. [1] [2] [3] [4] [5] [6] Although all the investigated hybrid silica monoliths (PTMS-TMOS, MTMS-TMOS) show good results with respect to the macropore space homogeneity, this seems to be an effect of sophisticated preparation protocol rather than the actual material composition. It is demonstrated with commercial analytical silica monoliths based on pure TMOS (the 2nd generation Chromolith columns from Merck Millipore 66 ), which have shown even higher homogeneity, with k ¼ 2.6-2.9 (m ¼ 2.53-4.85 mm). 62 3.4.3. Transcolumn contribution. The transcolumn contribution to eddy dispersion arises from the velocity bias that exists over the entire column cross-section. The macroscopic ow prole behind the transcolumn eddy dispersion thus depends on the external porosity distribution 3 ext (r) along the radial coordinate r in a column. If the local macroporosity can be determined along the radius of capillary monoliths, the resulting porosity prole provides key information about this important (and oen severe 56 ) eddy dispersion contribution. Radial porosity proles over 50 mm from the capillary wall (r ¼ 0) to the center of a capillary are shown in Fig. 9 for all three reconstructed volumes of the PTMS-TMOS hybrid silica monolith (Fig. 1) . The porosity proles can be divided into three characteristic regions, identied in all three reconstructed monolith stacks: directly at the wall the monolith has an open structure (region 1), followed by densied material (region 2) before the uniform bulk region (3) is reached. This behavior is typical for wall effects of silica monoliths in a capillary column format 22 and is caused by shrinkage taking place during the condensation process. Stress coming from the skeleton forces the structure to open next to the capillary wall. Therefore, the monolith ultimately detaches from the conning wall and the nearby structure becomes densied (regions 1 and 2).
This phenomenon is also well known from capillary monoliths of other compositions, of which pure TMOS capillary monoliths are the most prominent ones. Opposed to largerdiameter monolithic rods, the capillary monoliths are prepared directly in the tube then used for chromatographic Fig. 9 Exemplary x,z-region of a physically reconstructed PTMS-TMOS monolith covering an area of 153 slices in the z-direction and 50 mm from the capillary inner wall to the center of the monolith (A); the capillary i.d. is 100 mm. (B) Radial profiles of external or macroporosity for the three acquired image stacks (cf. Fig. 1 ) of the PTMS-TMOS capillary monolith (red, green and blue lines), normalized by the average macroporosity 3 ext , visualizing the existence of three characteristic regions: a 4 mm wide open structure next to the wall (1), followed by 8 mm of densified structure (2) and the monolithic bulk region (3).
